although it may also be related to the spatially structured environment (Diniz-Filho et al., 2012) .
The Espinhaço Range in Minas Gerais is located in southeastern
Brazil and encompasses the Cerrado and Atlantic Forest biomes, biodiversity hotspots with a high concentration of microendemic plant species across a mosaic of phytophysiognomies (Giulietti, Menezes, Pirani, Meguro & Wandeley, 1987; Rapini, Mello-Silva & Kawasaki, 2001 , 2002 . Among these phytophysiognomies are rupestrian grasslands (campos rupestres), characterized by open, shallow-soiled shrub and sub-shrub communities interspersed among rocky outcrops (Rapini et al., 2002) . Rupestrian grasslands cover most of the landscape at altitudes above 900 m (Rapini et al., 2002) . The diversity of microenvironments within the campos rupestres of the Espinhaco Range contribute to its high species richness (Conceição & Pirani, 2005) .
In the Cerrado biome and, particularly, in these rupestrian grasslands, species of the Asteraceae are among the richest of all plant families (Giulietti et al., 1987; Nakajima & Semir, 2001 ). Many of these Asteraceae species are endangered (Franco, Costa & Nakajima, 2014; Roque & Pirani, 2014; Semir, Rezende, Monge & Lopes, 2011; Ribeiro-Silva et al., 2017) . In this work, it is hypothesized that both environmental heterogeneity and geographic distance determine the floristic and structural patterns of Asteraceae in the Espinhaço Range. Similar studies have been carried out in tropical forests (Chave, 2008; Moser et al., 2014; Rezende, Eisenlohr, Vibrans & Oliveira-Filho, 2015; Zuquim et al., 2014) , and a few studies have even measured the relative influence of environment and space on the assembly of plant communities of Brazilian non-forest ecosystems (Menezes, Müller & Overbeck, 2016) , such as rupestrian grasslands. In dystrophic (low nutrient content) soils of rupestrian grasslands in the Espinhaço Range, it is also hypothesized that plant communities will be structured by a hierarchy of environmental factors, as observed in other tropical systems (Pansonato, Costa, Castilho, Carvalho & Zuquim, 2013) . For example, some studies in Amazonia have shown that across a broad gradient in soil fertility, topography and soil texture tend to be less relevant to community structure, whereas in areas of homogeneously low fertility, topography and texture become the main determinants of floristic patterns (Pansonato et al., 2013; Zuquim et al., 2012) . To test these hypotheses, we investigated (a) the floristic and structural patterns of the herbaceous and woody species of Asteraceae at mesospatial scales in this region, (b) the effect of geographic distance and environmental heterogeneity, as represented by soil physicochemistry, slope, and elevation, on floristic and structural variations of the Asteraceae at mesospatial scale, and (c) the degree to which these patterns might affect biodiversity conservation planning in the Espinhaço Range.
| ME THODS

| Study area
We conducted surveys in the Diamantina Plateau, a southern section of the Espinhaço Range in Minas Gerais, within the Rio Preto State Park (PERP) and the Sempre Vivas National Park (PNSV; Supporting information Fig. S1 ). These areas have a predominance of campos rupestres. PERP is located in the municipality of São Gonçalo do Rio Preto and has an area of approximately 12,180 ha. PNSV surrounds the municipalities of Olhos D'Água, Bocaiúva, Buenópolis, and Diamantina, covering approximately 124,000 ha between 650 and 1,350 m elevation (Almeida et al. 2007 ). The Diamantina Plateau, the largest continuous area and an important endemism center in the Espinhaço Range, is located between the municipality of Diamantina and the Paraúna River (Echternacht, Trovo, Oliveira & Pirani, 2011) .
We conducted surveys in rupestrian environments, including the cerrado rupestre and campo rupestre. The latter includes herbaceous shrubby formations associated with shallow soils derived from sandstones and quartzites, with tree cover between 5% and 20%, usually in mosaics of other vegetation types (Ribeiro & Walter, 2008) . Similarly, the cerrado rupestre occurs in rocky outcrops on the same types of soils and exhibits floristic elements characteristic of the campos rupestres (Ribeiro & Walter, 2008) . These communities occur at altitudes above 900 m, occupying disjunct areas within the Espinhaço Range from the northern Diamantina Highlands in Bahia to the Serra de Ouro Branco in Minas Gerais (Rapini, Ribeiro, Lambert & Pirani, 2008) .
The climate in the region is mesothermic (Cwb; Alvares et al. 2013 ), characteristic of cold and dry winters and humid summers.
The annual mean temperature is 18.7°C, and average annual rainfall is 1,500 mm . The sandy and shallow soils are derived from the decomposition of quartzite and sandstone (Eiten, 1978) . These coarse, acidic, and dystrophic soils have low water retention capacity (Giulietti et al., 1987) .
| Data collection
We sampled the Asteraceae community in 21-1 ha plots systematically distributed across three sampling modules. Each sampling module consisted of two 5-km transects (Supporting information Fig. S1 ), following the RAPELD method (Magnusson et al., 2005) . We placed plots along the isocline of the terrain in order to minimize internal variation in topography and soils. We sampled seven plots in each sam- Hence, we sampled plots among three different altitude zones of campos rupestres: 800-1,000 m (n = seven plots), 1,200-1,400 m (n = eight plots), and 1,400-1,600 m (n = six plots).
We collected species in both dry and rainy seasons between 2013 and 2014. One of the authors (J.B.B.Jr.) is an Asteraceae specialist and identified most of the species; in some cases, we consulted other specialists (see Acknowledgments). We deposited the vouchers in the Herbarium of the University of Brasília (UB), Federal University of Jequitinhonha and Mucuri (HDJF), and the University of Uberlândia (HUFU), according to the usual methodology (Mori, Mattos-Silva, Lisboa & Coradin, 1985 
| Data analysis
We used principal coordinate analysis (PCoA) to summarize the variation in floristic richness (presence/absence) and composition (relative abundance) of the communities using, Sørensen's distance and Bray-Curtis index, respectively (Legendre & Legendre, 2012) . The environmental variables were standardized (mean zero and one-unit of variance) and were included in the principal component analysis (PCA) to summarize the environmental gradient. PCoA eigenvectors were used as response variables, and the axes of the environmental PCA were tested as predictors in GLS (generalized least squares) and linear mixed effects models (LME).
Spatial correlation structures were tested from geographic coordinates (e.g., Gaussian, exponential, linear, spherical, and ratio) and different structures of residual variance (e.g., heteroscedasticity between sampling modules and exponential or power variance of environmental predictor variables). We tested random variation of intercept related to the sampling module and random variation of slopes for geographic coordinates in the LME models. We selected the best random component from the saturated model with all predictive variables adjusted with maximum likelihood (maximizing the restricted log-likelihood). We used the Akaike information criterion (AIC; Burnham & Anderson, 2002) to select random components. We selected fixed predictors with a maximized log- We performed variance partitioning to assess the contribution of the following components to structural and floristic variance: (a) only environment, (b) shared contribution between environment and space, and (c) only space. We conducted variance partitioning to take into account the possible spatial structures of species distributions and environmental variables, using spatially constrained null models to estimate and remove biases due to spurious environmental effects based on a new approach using Moran spectral randomization (MSR; Clappe, Dray & Peres-Neto, 2018) . This is a general and flexible procedure to adjust for spurious contributions due to spatial autocorrelation from the environmental fraction, what may lead high Type I error rates (i.e., reject the null hypothesis more often than the pre-established critical level). MSR allows generating random replicates of a data matrix while keeping its original inter-correlations and spatial structures (i.e., spatially constrained randomization) to produce unbiased model fit estimates and statistical tests in the context of variance partition . In addition to conserving the original spatial autocorrelation in the environmental predictors, MSR also preserves the original correlation structure of the environment, a property important to assure that randomization tests with multiple predictors have correct Type I error rates even when predictors are non-spatially autocorrelated Peres-Neto et al., 2006) . The MSR was used to generate replicates of randomized environmental matrices X that were independent of the species distribution matrix Y. For every randomized environmental matrix (X MSR replicate), a variance partition for Y on X MSR and W, that indicates the spatial predictors based on Moran's eigenvector maps (MEM; Dray et al., 2006) , was produced and corresponding fractions calculated. These computations were repeated for each X MSR replicate and was produced the expected distribution of explained variance (R 2 [ab] ) under model null hypothesis. This spatially constrained null model in which H0-MSR is best described as "the absence of species-environment relationships given the spatial structure of the environmental variables" . Detailed calculations to obtain and partition fractions using the MSR-based on this new VP procedure were provided by Clappe et al. (2018) . All analyses were conducted with R statistical environment (R Development Core Team 2012). We applied Hellinger transformation on species abundance matrix and calculated spatial weights with "spdep" R package (Bivand & Piras, 2015) , from a binary neighbors list, in which regions are either listed as neighbors or are absent (Borcard, Gillet & Legendre, 2011) . Then, we generated MEMs, forward selection to choose significant spatial filters and used MSR procedure with 999 randomizations, using the "adespatial" R package .
We also evaluated the hierarchical importance of the effect of each environmental predictor on the patterns of community structure through multivariate regression trees (MRT; De'ath, 2002) . We used significant PCoA axes, expressing community structure and composition, as response variables on MRT analyses and examined the hierarchical effects of the environmental predictors, including sand, clay, base cations, altitude, slope, and Al (Pansonato et al., 2013) . We performed MRT analyses with the "mvpart" package for R, using default parameters of mvpart function (Therneau, Atkinson, Ripley, Oksanen & De'ath, 2013) .
| RE SULTS
| Composition and abundance of the family Asteraceae
In total, 12,775 sampled individuals, both herbaceous and woody, were distributed among 16 tribes, 47 genera, and 115 species (Supporting information Table S1 ). The richest tribe was Vernonieae (15 genera), followed by Eupatorieae (12), Heliantheae (4), Astereae (2), Gochnatieae (2), Senecioneae (2), Barnadesieae (1), Coreopsideae
(1), Gnaphalieae (1), Millerieae (1), Moquinieae (1), Multiseae (1), Nassauvieae (1), Neurolaeneae (1), Tageteae (1), and Wunderlichieae (1). The five richest genera were Baccharis (11), Mikania (10), Lessingianthus (9), Lychnophora (5), and Eremanthus (5).
In terms of abundance of individuals, the Vernonieae tribe (7, 552) was the largest and accounted for more than 50% of the individuals sampled. The genera Eremanthus (3,813), Lychnophora (2,280), and Richterago (1,258) were the most abundant with more than 50% of the individuals sampled. Erementhus elaeagnus (2,032), Lychnophora villosissima (1,575), Eremanthus incanus (1,451), Trichogonia villosa (555), Lychnophora passerina (514), and Richterago arenaria (480) were among the most numerous species, representing more than 50% of individuals.
| Environmental, floristic, and structural gradients in Asteraceae communities
The mean values of soil physicochemical parameters and slope in each sampling module are given in Table 1 .
Ordination diagrams of plots are presented for floristic composition and community structure of herbaceous (Figure 1a (Table 2) .
TA B L E 1 Mean and standard deviation (±) of soil physicochemical variables and slope in sampling modules in the Sempre Vivas National Park and Rio Preto State Park (N = North; S = South) in the Diamantina Plateau, Minas Gerais, Brazil 
F I G U R E 1 Principal coordinate analysis (PCoA) summarizing (a) community structure and (b) composition of herbaceous species of Asteraceae in two conservation units in the Diamantina Plateau, Espinhaço Range, Minas Gerais, Brazil
The results of the generalized least squares models showed better fit for herbaceous communities than woody communities.
Environmental factors such as soil texture (clay and sand content), relief (elevation and slope), and exchangeable bases were significant predictors of the floristic composition and relative abundance of this vegetation component (Table 3) Spatial structure and distance explained more variation in plant communities than environmental variables alone. Furthermore, the spatial component was significantly better at explaining community variance than the environmental component for the woody component. Most of the variation in herbaceous and woody communities was not well explained, with values above 63% for residuals (Table 4) .
Multivariate regression trees analysis emphasized the importance of total exchangeable bases and Al for the variation in structure and floristic composition of Asteraceae herbaceous communities ( Figure 4 ). For woody species, altitude was the strongest predictor of community composition.
| D ISCUSS I ON
Environmental heterogeneity among plots was mainly related to soil texture, altitude, slope, and total exchangeable bases.
Environmental heterogeneity was observed both between and within the conservation units (e.g., the two sampling modules of Rio Preto State Park). The influence of local-scale environmental heterogeneity on species diversity in campos rupestres in other regions of the Espinhaço Range is well documented (Conceição & Pirani, 2005; Echternacht et al., 2011; Rapini et al., 2002 Rapini et al., , 2008 .
The high variation in species composition across our plots and differentiated in PCoA analysis supports the conceptualization of this region as a mosaic of environments, varying across mesospatial scales (10-100 km; Giulietti et al., 1987; Rapini et al., 2001 Rapini et al., , 2008 . The patterns of community composition observed in this study are consistent with other studies that indicate a low floristic similarity between nearby localities in other regions of the Espinhaço Range (Zappi et al., 2003) associated with high diversity patterns and micro-endemisms (Echternacht et al., 2011; Rapini et al., 2008) .
Relief, soil fertility (total exchangeable bases) and soil texture influenced Asteraceae species composition and relative abundance in our data (Table 3) . However, herbaceous species composition and abundance were significantly more influenced by these variables than woody species. Soil properties have been found to strongly influence the assembly of Asteraceae species at mesospatial scales (~40 km) in southern Brazilian grasslands, while climate is responsible for variation across broader scales (Menezes et al., 2016) . Our results highlight the importance of herbaceous species in evaluating species-environment relationships in Non-forest ecosystems, such TA B L E 3 Linear models associating variation in the floristic composition and relative abundance of Asteraceae herbaceous and woody species in the Diamantina Plateau (summarized by principal coordinate analysis-PCoA) and the environmental gradient expressed by soil texture (PCA1), soil base content, and relief (slope and elevation; PCA2). Models: GLS = generalized least squares, LME = linear mixed effects models. Random component (intercept variation for the sampling module), spatial correlation structures associated with geographic coordinates, and heterogeneity of variance among predictors as campos rupestres in the Cerrado biome. Among savanna biomes, the Cerrado has a high proportion of herbaceous species to trees (7:1, Zappi et al., 2003) .
The RDAp and MRT analyses suggest that total exchangeable bases, Al concentration, elevation, and slope are good predictors of species distribution patterns at a mesospatial scale. Some studies have observed a hierarchy of environmental controls on community composition, with soil texture and topography as important predictors in lowfertility soils (Pansonato et al., 2013; Zuquim et al., 2012) . Considering the dystrophic features of the soils in this study area and the minor differences in fertility among sites (e.g., total exchangeable bases), our results are consistent with this hierarchy. Indeed, both elevation and
Al were important predictors of community composition across sites.
The results of variance partitioning indicate that the "pure" spatial component and the spatially structured environment were important for explaining variation in Asteraceae communities. A major proportion of the variance in forest and grassland communities in southern Brazil can be explained by the spatially structured environments, owing to the fact that environmental variables are typically structured in space (Diniz-Filho et al., 2012; Eisenlohr et al., 2013; Menezes et al. (2016) . Distributions of species with poor longdistance dispersal (Poaceae) tend to be more closely related to spatial variables than those of species with effective dispersal (Asteraceae; Menezes et al., 2016) . The influence of both the "pure" spatial components and the spatially structured environmental variables on Asteraceae distributions patterns likely drive the well-documented patterns of micro-endemism and restricted geographic distribution for the campos rupestres in the Espinhaço Range (Rapini et al., 2002 (Rapini et al., , 2008 The 31 conservation units in the Espinhaço Range, which cover an area of just over 520,000 hectares, cannot provide protection for most species of plants and animals, which would otherwise require a minimum of three times the current size (Silva, 2008) . The need to expand the conservation units and to consider a greater number of distinct locations in the Espinhaço Range, owing to low species similarity between areas and high rates of micro-endemism, has already been pointed out in previous studies (Echternacht et al., 2011; Rapini et al., 2008) . However, the results of the present study strongly suggest some key environmental variables responsible for the floristic The data indicated high floristic and structural heterogeneity of herbaceous and woody species of Asteraceae in the Diamantina Plateau, Brazil. However, Asteraceae could be a model family for conservation planning in other regions and countries because it is one of the largest families of Angiosperms, having more than 25,000 described species in 1,600-1,700 genera (Funk et al., 2009; Panero & Crozier, 2016) . Furthermore, Asteraceae is particularly well represented in open and montane areas of the Neotropics in general (Jeffrey, 1978; Cronquist, 1981) . Our results establish that both environmental parameters (exchangeable bases, soil texture, and relief) and geographic space are determinants of the distribution patterns of Asteraceae. We also found evidence for a hierarchy of environmental 
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